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Members of the Na + /H + exchanger (NHE) 1 family mediate the electroneutral countertransport of H + for Na + across biological membranes ( see (1) and (2) for reviews). To date, six mammalian NHE isoforms have been described. Some, like NHE1 and NHE6, are expressed ubiquitously and are thought to be involved in housekeeping functions such as the regulation of the cytosolic pH and cellular volume, and the maintenance of mitochondrial ion homeostasis, respectively (1, 3) . Other isoforms, in contrast, have a more restricted tissue distribution and are believed to mediate specialized functions. These include NHE3, which is the predominant isoform found on the apical membranes of epithelial cells in the kidney and gastrointestinal tract (4, 5) . In these tissues, NHE3 catalyzes the entry of luminal Na + into the cells, which in turn drives the transport of salt and osmotically obliged water across the epithelium. The fine regulation of systemic fluid and electrolyte homeostasis requires exquisite regulation of NHE3 activity, which has been shown to be modulated by a variety of hormones and second messengers (6, 7) , as well as by physical parameters including osmolarity (8, 9) .
Despite the central role of NHE3 in renal and intestinal physiology, relatively little is known about the exact molecular mechanisms underlying its regulation. Electron microscopy studies of epithelial cells revealed that, in addition to being present at the apical membrane, NHE3 is also found in an intracellular vesicular pool (10) . This bimodal subcellular distribution is recapitulated when NHE3 is heterologously expressed in Chinese hamster ovary cells (CHO) cells (11) . Changes in the fraction of transporters residing on the cell surface could therefore modify the rate of transport. Indeed, reduced trafficking of intracellular exchangers to the plasmalemma was found to account for the inhibitory effects of wortmannin, an antagonist of phosphatidylinositol 3-kinase, on NHE3 activity in transfected CHO cells (12) . Likewise, the acute inhibition of NHE3 activity upon activation of protein kinase C in colonic epithelial cells by guest on http://www.jbc.org/ Downloaded from 4 was attributed, at least in part, to internalization of exchanger molecules from the brush border into a subapical cytoplasmic compartment (13) .
The activity of NHE3 is also acutely sensitive to the state of assembly of the actin cytoskeleton (14) . Specifically, depolymerization of actin filaments by scavenging monomeric actin with latrunculin B, or by capping their barbed ends with cytochalasins, led to a profound inhibition of NHE3 activity. Unlike the effects of wortmannin, however, the inhibition induced by cytoskeletal disassembly was not associated with a decrease in the amount of NHE3 at the plasma membrane (14) . Therefore, the activity of NHE3 is likely to be modulated by multiple regulatory mechanisms. The structural and functional basis of the interaction between NHE3 and the actin cytoskeleton remains obscure and is the subject of the present studies.
The state of actin polymerization is controlled by members of the Rho family of small GTP-binding proteins, particularly Rac1, Cdc42 and RhoA (15) . Interestingly, an interaction between members of this family and NHE1, the ubiquitous isoform of the exchanger, has been postulated. Specifically, Barber and colleagues (16) have suggested that the presence of NHE1 is required for the successful induction of stress fibers by RhoA. In addition, activation of small GTPases of the Rho and Ras families is associated with stimulation of NHE1 (17, 18) . However, disruption of the actin cytoskeleton with cytochalasin B did not significantly alter basal NHE1 activity (14) , unlike the detrimental effects observed for NHE3. Thus, the NHE isoforms are differentially responsive to the state of actin polymerization.
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Cells-AP-1 cells, a CHO cell line that was functionally selected for its lack of endogenous NHE activity following chemical mutagenesis (20) , was transfected with either wild type NHE1 or NHE3 previously engineered to contain several unique restriction endonuclease sites (renamed NHE1' and NHE3') in order to create a series of conveniently-sized DNA cassettes for subsequent mutagenesis procedures (21) . To allow for immunological detection of the NHE3 protein, three tandem copies of the influenza virus hemagglutinin (HA) epitope, YPYDVPDYAS, were inserted into the first extracellular loop of NHE3 between amino acids R38 and F39, as previously described (11) . The resulting construct is called NHE3' 38HA3
hereafter. The functional properties of the HA-tagged NHE3' construct were indistinguishable from those of untagged NHE3 (12) .
NHE cDNA constructs were transfected into AP-1 cells by the calcium-phosphate-DNA co-precipitation technique of Chen and Okayama (22) and stable clones were selected for survival by imposing acute NH 4 Cl-induced acid loads (19) . Cells were maintained in α-MEM with 10% fetal bovine serum and streptomycin/penicillin in an atmosphere containing 5% CO 2 . Two methods were used to measure the fluorescence of BCECF. Population measurements were performed using a Nikon Diaphot TMD inverted microscope coupled to the M Series Dual Wavelength Illumination and Recording System from Photon Technologies, Inc.
DNA constructs and transient transfection.
(South Brunswick, NJ) in a dual excitation-single emission configuration, as detailed earlier (8) .
The fluorescence of transiently transfected single cells was measured using the ratio imaging system described in (25) Immunofluorescence-AP-1 cells stably expressing NHE3' 38HA3 were plated onto glass coverslips and grown to ~ 70% confluence. To label only surface-exposed NHE3' 38HA3 , intact cells were incubated with monoclonal anti-HA antibody (1:1000 dilution) for 1 h at 4 ºC. After washing 6 times to remove unbound antibody, the cells were fixed for 15 min at room temperature using 4% paraformaldehyde in PBS and blocked with 5% donkey serum in PBS.
The cells were then washed and incubated with Cy3-conjugated donkey anti-mouse antibody (Fig 2A) . The contribution of eGFP to the fluorescence measurements was next minimized by inserting a neutral-density filter (Fig. 2B) which greatly reduced the signal intensity. Next, the cells were loaded with the pH-sensitive dye BCECF, reaching levels of fluorescence that clearly exceeded (> 250%; see "Experimental
RESULTS

Transfection of AP-1 cells with
Procedures") those contributed by eGFP (Fig. 2C ). Under these conditions, and using internal calibrations after each individual experiment, we were able to monitor the activity of NHE3 in small GTPase-transfected and untransfected (control) cells simultaneously using ratiometric fluorescence imaging microscopy.
The effects of transient transfection with dominant-negative Cdc42(T17N) myc are illustrated in Fig. 2D . As reported previously (12), AP-1 cells that stably express rat NHE3
recover from an acid load within minutes of addition of extracellular Na + . This recovery was not prevented by expression of Cdc42(T17N) myc . In fact, the recovery was marginally faster in the transfected cells, though the difference in the rates did not attain statistical significance in the limited number of experiments performed. A similar modest activation was recorded in cells transfected with Rac1(T17N) myc (data not illustrated).
Effect of dominant-negative RhoA on NHE3-In contrast to Rac1(T17N) myc and
Cdc42(T17N) myc , dominant-negative RhoA(T19N) myc induced a pronounced inhibition of NHE3 activity (Fig. 3A) , resembling the effects of latrunculin B and cytochalasin (14) . The depression of NHE3 activity is not likely the result of a generalized detrimental effect of RhoA(T19N) myc , since the transfectants retained BCECF and were effectively acid-loaded by the ammonium prepulse. More importantly, cells transfected with NHE1, which is virtually insensitive to cytoskeletal disruption (14) , were similarly unaffected by expression of dominant-negative RhoA(T19N) myc (Fig. 3B ).
The mechanism underlying the inhibition of NHE3 induced by RhoA(T19N) myc was investigated next. This isoform of the exchanger is expressed in two distinct cellular pools: on the plasmalemma, where it catalyzes the extrusion of H + , and in sorting and recycling endosomes verified by detection of the myc epitope tag (Fig. 4A) , was accompanied by a marked increase in the number of stress fibers (Fig. 4B) , as reported for other cells (31, 32, 15) . Despite the changes in F-actin structure, no obvious differences in the subcellular distribution of NHE3' 38HA3 were observed (Fig. 4C,D) , nor was the surface density of NHE3' 38HA3 visibly altered (Fig. 4E,F ).
More importantly, the exchange activity of NHE3' 38HA3 , assessed as the rate of recovery from an acid load, was also unaffected by expression of RhoA(Q63L) myc (Fig. 4G) . In this regard, NHE3
differs from NHE1, which was found to activate upon expression of active RhoA (18) .
Role of p160 Rho-associated kinase I (ROK) in NHE3 regulation-The preceding results
imply that basal levels of RhoA activity are required for optimal NHE3 function, but do not identify the pathway linking these events. Among the known effectors of this small GTP-binding protein is the serine/threonine kinase, p160 Rho-associated kinase I (ROK). The possible involvement of ROK in the regulation of NHE3 was tested using compound Y-27632, a potent and seemingly selective inhibitor of this kinase (33) . The effectiveness of this compound was initially verified by visualizing the distribution of F-actin using phalloidin. As illustrated in Fig.   5A (32, 34) , the cells treated with Y-27632 were largely devoid of such fibers. These effects were accompanied by, and likely due to, dephosphorylation of myosin light chain (MLC; Fig. 5F ), which is necessary for the stabilization of stress fibers and cell shape (32) . It is well established that the phosphorylation state of MLC is controlled by ROK (35, 36) .
Despite the pronounced effects of Y-27632 on cell morphology, the subcellular distribution of NHE3' 38HA3 was not affected. The exchangers were still observed on the plasma membrane, as well as in a punctate endomembrane compartment that concentrated in the juxtanuclear region (Fig. 5C,D) . This impression was confirmed by quantifying the number of plasmalemmal NHE3' 38HA3 molecules by two separate methods: a modified ELISA and a radiolabel binding assay. In both cases, an antibody to the exofacial HA epitope tag is added to intact cells to detect exclusively those exchangers exposed at the surface (see "Experimental
Procedures"). In three separate ELISA experiments, the number of exchangers exposed at the cell surface was essentially identical before and after treatment with Y-27632 (98.6 ± 8.0 % of the untreated control). Similar results were obtained using 125 I-labeled IgG to detect immunolabelled NHE3' 38HA3 (Fig. 5E ).
While the distribution of NHE3' 38HA3 was unaffected, its activity was nevertheless markedly depressed when ROK was inactivated by Y-27632 (Fig. 5G) . The initial rate of exchange, computed in the first minute after addition of Na + , was inhibited by 92%. By contrast, NHE1 was only modestly, albeit significantly (p<0.05), affected by Y-27632 (12% inhibition of the initial rate; Fig. 5H ).
Because the selectivity of Y-27632 may be imperfect, we also assessed the role of ROK by transfection of a mutated inactive form of this kinase. A point mutation in the RB domain of by guest on http://www.jbc.org/ Downloaded from the protein encoded by this construct, named ROK-RB/PH myc , prevents it from binding to RhoA (24) . It is noteworthy that while this mutant exerts a dominant negative effect on ROK, it does not scavenge RhoA, and therefore does not interfere with other RhoA-activated signal transduction pathways (24) . As shown in Fig. 6 , expression of ROK-RB/PH myc depleted the cells of stress fibers and changed their morphology, rendering them stellate in appearance (Fig. 6A,B) .
In parallel, the activity of NHE3' 38HA3 was depressed (Fig. 6H) , even though its subcellular distribution (Fig. 6D ) and surface exposure (Fig. 6E-G (Fig. 7A,B) . In addition, F-actin condensed into bright patches at or near adhesion sites, as reported for Swiss 3T3 and HeLa cells (32, 37) . Even though effectors of ROK were demonstrably activated, neither the distribution of NHE3' 38HA3 ( Fig. 7C-F) , nor its activity (Fig. 7G) were noticeably affected. These observations suggest that the extent of activation of ROK in the steady state is sufficient for optimal NHE3 function. This conclusion is in good agreement with the results obtained using the constitutively active RhoA(Q63L) myc . (Fig. 8F) ,
Role of myosin phosphorylation in NHE3 regulation
indirectly via the activity of constitutive phosphatases. In parallel, ML9 induced morphological changes similar to those caused by dominant-negative RhoA and ROK constructs; namely, the cells became elongated, with multiple protrusions (Fig. 8A,B) . Stress fibers were largely absent from ML9-treated cells (Fig. 8B ). The effect of the MLCK inhibitor on the activity of NHE3' 38HA3 was also tested. The Na + -induced recovery from an acid load was profoundly inhibited in NHE3' 38HA3 -expressing cells treated with ML9 (Fig. 8G ). This effect was isoformspecific, inasmuch as NHE1-expressing cells were not inhibited by ML9, but were instead marginally stimulated (Fig 8H) . The inhibition of NHE3' 38HA3 was not associated with changes in its subcellular distribution. This was established both morphologically (Figs. 8C,D) as well as using radiolabelled IgG (Fig. 8E) . Similar results were obtained using the ELISA method (ML9-treated cells were 98.8 ± 1.7 % of control; n = 3). Hence, inhibition is most likely due to a change in the intrinsic activity of the plasmalemmal NHE3. Jointly, these findings suggest that
RhoA modulates the activity of NHE3, at least in part by dictating the state of myosin phosphorylation through ROK.
DISCUSSION
NHE3 had been shown earlier to depend on intact F-actin structures for optimal function (14) . In the present study we assessed the possible role of small GTP-binding proteins in this process. We found no evidence that either Rac1 or Cdc42 participate in the regulation of NHE3.
By contrast, functional RhoA was found to be essential for effective Na + /H + exchange by NHE3.
A role of small GTPases in the regulation of the housekeeping isoform NHE1 had been described earlier by Barber and colleagues (17, 18) . However, the control of NHE1 and NHE3 by GTPases differs in several respects. First, the ubiquitous NHE1 is activated not only by RhoA, but also by Cdc42 and Rac1 (17) . These effects, however, are seemingly independent of F-actin, inasmuch as cytochalasin D has little effect on the activity of this isoform (14) . This contrasts with the pronounced dependence of NHE3 on normal F-actin cytoarchitecture (14) . Second, the basal activity of NHE3 requires the steady state function of RhoA, but stimulation of the GTPase is without further effect. Conversely, only the stimulation, but not the basal activity of Rac1, Cdc42 and RhoA was shown to be important in the case of NHE1, which is activated by a variety of receptor-initiated pathways (17) .
The present studies also indicate that ROK is an important effector in the modulation of NHE3 by RhoA. Inhibition of this kinase with Y-27632 or by transfection of a dominantnegative form of ROK mimicked the effects of inhibitory RhoA (Figs. 5 and 6 ). ROK was also suggested to mediate the effects of RhoA on NHE1, but, once again, the mechanisms controlling the two isoforms are distinctly different. ROK is believed to stimulate NHE1 by direct phosphorylation of its cytosolic C-terminal domain (18) . In contrast, our findings suggest that ROK acts on NHE3, at least in part, by controlling the state of phosphorylation of myosin light chain, which in turn dictates the functional state of the antiporter. The latter was concluded from the observation that a comparable dephosphorylation of myosin light chain by inhibition of its kinase, using ML9, closely mimicked the effects of Y-27632 and of ROK-RB/PH myc on NHE3 activity. However, it is becoming apparent that RhoA and its effector, ROK, engage multiple pathways to control cytoskeletal structure. In addition to dictating the state of myosin phosphorylation, ROK also activates LIM kinase, which in turn phosphorylates cofilin, an inducer of actin depolymerization. Because phosphorylated cofilin is no longer capable of causing depolymerization, activation of LIM kinase by ROK leads to increased actin assembly (38) . Whether this or other pathways contribute to the regulation of NHE3 by RhoA and ROK remains to be defined.
The mechanism whereby the cytoskeleton modulates the activity of NHE3 remains and -2 (also called TKA-1 or E3KARP) have been proposed to associate with NHE3 and to modulate its activity (39, 40) . Though these proteins have been invoked in mediating the inhibition of NHE3 by cAMP, they could conceivably also influence the basal rate of transport.
Alternatively or conjointly, proteins of the ezrin/radixin/moesin (ERM) family may be part of the regulatory complex. ERM proteins are attractive candidates because they are expressed abundantly at the brush border where NHE3 is present and because their conformational state is controlled by RhoA and ROK (41) . In addition, polycationic sequences like those shown to mediate the attachment of several transmembrane proteins to ERM are also found in the Cterminal tail of NHE3. The possibility that ERM proteins directly bind and influence transport through NHE3 is currently under investigation.
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The participation of RhoA in the regulation of NHE3 in its native environment, i.e. the epithelial brush border, remains to be documented. However, it is noteworthy that RhoA is abundant in the brush border (42) , where it preferentially regulates apical and junctional actin (43) . In MDCK cells, RhoA regulates the association of ERM family members with the plasma membrane (44) . Perhaps more relevant to NHE3 regulation, in renal cells, apical Rho-GTPases were suggested to be involved in the regulation of phosphate transport by parathyroid hormone, which utilizes cAMP as a second messenger (45) . Inhibition of transport was associated with phosphorylation of small GTPases and was mimicked by the clostridial C3 exotoxin, which specifically ADP-ribosylates and inactivates Rho. These observations raise the possibility that a similar signaling mechanism underlies the inhibition of NHE3 by cAMP. by guest on 
